Introduction {#S1}
============

G-CSF and its receptor CSF3R play important roles in the regulation of hematopoiesis.([@R1]) Wild type human CSF3R consists of an extracellular domain (amino acid positions 25--627), a transmembrane domain (amino acid positions 628--650) and a cytoplasmic domain (amino acid positions 651--836). Typical of the class I cytokine receptor family, CSF3R lacks intrinsic kinase activity and is coupled with cytoplasmic tyrosine kinases, including JAK/STAT, MEK/MAPK and PI3K3/AKT.([@R2]),([@R3]) The 4 conserved tyrosine residues Y727, Y752, Y767 and Y787 within the cytoplasmic domain provide docking sites for these signalling molecules. The signal termination of CSF3R is associated with membrane receptor endocytosis and degradation.([@R4]) Briefly, CSF3R is internalized slowly and spontaneously or rapidly with G-CSF stimulation via the internalization motifs (amino acids 772--778 and 779--792, in particular the dileucine residues L776/777 and S772 inside the internalization motifs) followed by endosomal sorting and lysosomal degradation.([@R5]) Ubiquitination of cytoplasmic lysine (K) residues, in particular K655 in the juxtamembrane domain is crucial for lysosomal routing and signal attenuation.([@R6])

Recently, an increasing number of studies have uncovered pathogenic roles of CSF3R variants in a variety of hematologic malignancies. These CSF3R variants are located in different regions of CSF3R. CSF3R cytoplasmic mutations include truncation (frameshift and nonsense) and missense mutations. CSF3R cytoplasmic truncation mutations (e.g. CSF3R T738X, previously known as d715) were first identified in severe congenital neutropenia (SCN) patients with high frequency.([@R7]),([@R8]) These mutations truncate 82--98 amino acids from the CSF3R c-terminal domain, resulting in the lack of 2 or 3 tyrosine residues and internalization motifs, and in this capacity the truncations contribute to leukemic transformation.([@R3],[@R9]) CSF3R isoform IV, represents a naturally occurring splice variant of CSF3R. It resembles the truncation mutant versions of CSF3R in that isoform IV replaces the carboxyl terminal 87 amino acids with a novel 34 amino acids peptide and lacks 3 of the 4 C-terminal tyrosine residues as well as the internalization motifs. CSF3R isoform IV has been shown to induce sustained STAT5 activation and was implicated in contributing to disease relapse in childhood acute myeloid leukemia (AML) patients treated with G-CSF.([@R10]--[@R12]) Recently, a group of CSF3R truncation mutations were shown to be prevalent in chronic neutrophilic leukemia (CNL) and atypical chronic myeloid leukemia (aCML) patients.([@R13],[@R14]) Similar to CSF3R T738X, some of these truncating mutations (e.g. CSF3R D771fs and S783fs) were shown to cause receptor overexpression and hypersensitivity to G-CSF.([@R15]) More recently, several CSF3R truncation mutations in the more distal region (e.g. F819fs) of the cytoplasmic domain are identified in AML patients.([@R16]) However, the leukemogenic potential of these mutations has not yet been studied, therefore is one aim of this study.

In addition, CSF3R cytoplasmic missense mutations have been identified in pediatric AML patients.([@R14]) However, the frequencies of CSF3R missense mutations in other hematologic malignancies and their pathogenic potential have not yet been characterized and are, therefore, another aim of the current study. Moreover, K704 and K705 have been predicted to be ubiquitination sites (<http://www.ubpred.org/>) for CSF3R in addition to K655 and K785, which have been characterized by previous studies. ([@R4]),([@R6]) We, therefore, also investigated the leukemogenic potential of K704A and K705A.

Materials and Methods {#S2}
=====================

Patient information and study approval {#S3}
--------------------------------------

The study was approved by the Institutional Review Boards (IRB) from University of Texas Southwestern Medical Center, University of Colorado, Stanford University, Washington University in St. Louis, and Oregon health & Science University. Written informed consents were obtained from all the patients with IRB-approved protocols.

Deep Sequencing, TOPO TA cloning and Sanger confirmation {#S4}
--------------------------------------------------------

Exome sequencing was performed on a HiSeq 2500 using Illumina Nextera capture probes and paired end 100 cycle protocols. For RNA-Seq, libraries were constructed using the SureSelect stranded RNA-seq protocol (Agilent) on the Bravo robot (Agilent) and sequenced on the HiSeq 2500 using a 100 cycle paired end protocol. More information is provided in [Supplementary data](#SD1){ref-type="supplementary-material"}. TOPO TA cloning was performed with TOPO TA cloning kit (Thermo Scientific) according to the manufacture's protocol. Sanger sequencing was performed as previously described.([@R13])

Cell lines and cell culture {#S5}
---------------------------

HEK293T/17 and NIH/3T3 cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS (Atlanta Biologicals), L-glutamine, penicillin/streptomycin (Invitrogen), and fungizone (Thermo Scientific). Ba/F3 cells were maintained in RPMI 1640 (Invitrogen) supplemented with 10% FBS, 15% WEHI-conditioned media, L-glutamine, penicillin/streptomycin and fungizone. Mycoplasma contamination was tested every other month. Only mycoplasma free cells were used in the experiments.

Transfection and transduction {#S6}
-----------------------------

CSF3R mutations were generated using the QuikChange II XL site-directed mutagenesis kit (Agilent Technologies) as previously described([@R13],[@R15]). Briefly, retrovirus was produced by transfecting HEK293T/17 cells with FuGENE (Promega). After 2 days, the viral vector-containing supernatants were filtered, and infected to Ba/F3 cells followed by flow cytometry (FACS, AriaII, BD Biosciences) sorting of GFP positive cells. Of note, cells with equal intensity of GFP expression were sorted across all samples. For the co-immunoprecipitation (co-IP) assay, an HA-tagged ubiquitin plasmid (\#17608, Addgene) was co-transfected with a V5 tagged pcDNACSF3R vector (\#12290010, Thermo Scientific).

IL-3 withdrawal assay {#S7}
---------------------

Stably transduced Ba/F3 cells were washed 3 times and grown in cytokine-free media. Viable cell number was determined on a Guava Personal Cell Analysis System (Millipore).

Colony forming unit (CFU) assay {#S8}
-------------------------------

Bone marrow (BM) cells were infected with retrovirus expressing CSF3R variants, followed by FACS sorting. Seven thousand cells per well were seeded into a 6-well plate with 1.1mL of Methocult M3534 methylcellulose medium (StemCell Technologies) in the absence or presence of 0.5ng/ml G-CSF for 7--10 days. Colonies (\>50 cells) were counted and images were taken via STEMvision^™^ colony counting software (StemCell Technologies).

FACS and phosphoflow {#S9}
--------------------

Cells were analyzed for surface expression of CSF3R via FACS with an anti-CD114 antibody (\#346108, BioLegend). Intracellular signaling pathways were evaluated using phosphoflow technology. More information is provided in the [supplementary data](#SD1){ref-type="supplementary-material"}.

Immunoblotting {#S10}
--------------

Immunoblotting was performed as previously described.([@R15]) Detailed information is provided in [supplementary data](#SD1){ref-type="supplementary-material"}.

Receptor internalization {#S11}
------------------------

Membrane receptor internalization were quantified using FACS as previously described.([@R5]) Briefly, for spontaneous internalization, cells were treated with cycloheximide (CHX, 100mg/ml) for 6 hour (h), washed with PBS+1%FBS+0.1%NaN3 and analyzed by FACS. To quantify G-CSF induced internalization, cells were stimulated with 10ng/ml G-CSF for 60 minutes (min), followed by FACS analysis of surface CSF3R expression. Total receptor internalization was quantified with immunoblotting after CHX or G-CSF treatment.

Glycosylation analysis {#S12}
----------------------

Cell lysates were treated with O-glycosidase and neuraminidase to remove O-linked oligosaccharides or PNGase F to remove N-linked oligosaccharides according to the manufacturer's protocols (New England Biolabs) and quantified with immunoblotting as previously described([@R15]).

Immunofluorescence Staining {#S13}
---------------------------

Cells were grown on glass slides, fixed with 4% paraformaldehyde for 5min, rinsed with PBS and immunolabeled with anti-CD114 antibody (1:100) for 1h at room temperature. Slides were than washed with PBS, air dried, and mounted. All immunofluorescence staining images were captured with a confocal microscope (ApoTome.2, Zeiss).

Proliferation assay {#S14}
-------------------

Cells were labeled with 5 μM cell proliferation dye (CPD) eFluor 670 (\#65-0840, eBiosciences) and cultured with or without brefeldin A (BFA, 100ng/ml, B7651, Sigma) for 2 days and analyzed via FACS.

Cell viability assay {#S15}
--------------------

Transformed Ba/F3 cells were seeded in 96-well plates (5000 cells per well) and exposed to increasing concentrations of ruxolitinib (Jakafi, Incyte), BFA or AKT Inhibitor X (CAS 925681-41-0) for 3 days. Cell relative number was assessed using a methanethiosulfonate (MTS)-based assay (CellTiter96 Aqueous One Solution; Promega). Cell viability was determined by comparing the absorbance of drug-treated cells to that of untreated controls set at 100%. IC~50~ values were calculated by regression curve fit analysis using GraphPad Prism software.

Statistical analysis {#S16}
--------------------

Statistical analyses were performed on GraphPad Prism software. The data were expressed as the mean ± standard error of mean (MED). Statistical significance was determined using Student's two-tailed t tests comparing each condition to the respective CSF3R WT and expressed as p-values (\*p\<0.05, \*\*p\<0.01, and \*\*\*p\<0.001). For BFA inhibition assay, one way ANOVA was used.

Result {#S17}
======

CSF3R cytoplasmic mutations are identified in CNL/aCML/chronic myelomonocytic leukemia (CMML)/unclassified myeloproliferative neoplasms (MPN-U) and AML patients {#S18}
----------------------------------------------------------------------------------------------------------------------------------------------------------------

CSF3R cytoplasmic mutations were determined by whole exome sequencing in a cohort of 843 patients with a variety of hematological malignances ([Table 1](#T1){ref-type="table"} and [Supplementary table 1](#SD1){ref-type="supplementary-material"}). Detected mutations were validated with RNA-seq analysis and/or with Sanger sequencing from available samples ([Supplementary figure 1](#SD1){ref-type="supplementary-material"}).([@R13]) We also referenced CSF3R mutation data from The Cancer Genome Atlas (TCGA) and a recent study of pediatric AML patients by Sano et al ([Supplementary table 2](#SD1){ref-type="supplementary-material"}).([@R14]) Among 212 CNL/aCML/CMML/MPN-U patients in our cohort, 16(7.5%) patients harbor CSF3R cytoplasmic mutations, 14 (87.5 %) of which co-occur with CSF3R T618I, mostly in the same allele ([Table 1](#T1){ref-type="table"}). Five (1.3%) out of 378 adult AML patients in our cohort and 8 out of 534 (1.5%) pediatric AML patients in Sano's study harbor CSF3R cytoplasmic mutations. We did not observe CSF3R cytoplasmic mutations among 183 CML, 70 lymphoid leukemia and 20 CMML patients in our cohort, nor in the 200 AML, 205 multiple myeloma and 48 diffuse large B-cell lymphoma patients in the TCGA database. In addition, we did not find CEBPa mutations in any of the cases with CSF3R cytoplasmic mutations.

CSF3R distal cytoplasmic truncation mutations between amino acid Q793 and Q823 harbor oncogenic potential {#S19}
---------------------------------------------------------------------------------------------------------

Previous studies have demonstrated G-CSF hypersensitivity of CSF3R truncations before the internalization domain (T738X, D771fs, etc.). To determine whether truncating the more distal region of CSF3R cytoplasmic domain enable CSF3R leukemogenic potential, we generated a series of CSF3R C-terminal truncation mutations ([Supplementary figure 2A](#SD1){ref-type="supplementary-material"}). As expected, we observed transformative potential, G-CSF hypersensitivity and sustained STAT5 activation in Q741X and D771fs ([Figure 1](#F1){ref-type="fig"} and [supplementary figure 2B--C](#SD1){ref-type="supplementary-material"}). Notably, L790X, F791X and W792X although only truncated one to three amino acids of the internalization domain, demonstrated oncogenic potential. Interestingly, even though Q793X, E808X and Q823X all retain the full internalization domain, these truncations also transformed Ba/F3 cells, demonstrated G-CSF hypersensitivity as shown in the CFU assay and induced marked sustained STAT5 activation compared to WT ([Figure 1](#F1){ref-type="fig"} and [supplementary figure 2B--D](#SD1){ref-type="supplementary-material"}). Truncation at E831 did not result in a phenotype different from WT. Consistent with previous studies, L685X and S715X did not transform Ba/F3 cells.

To better distinguish transformative truncation mutations, we hereafter refer to truncation mutations between T738 and F792 as early cytoplasmic truncation mutations, between Q793 and Q823 as distal cytoplasmic truncation mutations, and prior to T738 as juxtamembrane truncation mutations ([Supplementary figure 2E](#SD1){ref-type="supplementary-material"}).

CSF3R distal cytoplasmic truncation mutations interrupt receptor degradation {#S20}
----------------------------------------------------------------------------

To understand the pathogenic mechanisms of CSF3R distal cytoplasmic truncation mutations, we first checked the receptor expression levels and the receptor internalization kinetics. Consistent with previous studies, we observed significantly higher (2.4--3.8 fold) receptor expression levels (surface and total protein) and delayed receptor internalization (spontaneous and ligand-induced) for early cytoplasmic truncation mutations ([Figure 2A--D](#F2){ref-type="fig"} and [supplementary Figure 3](#SD1){ref-type="supplementary-material"}). Notably, F791X and W792X although only truncated one and two amino acids of the internalization domain, demonstrated significant reduced receptor internalization. Interestingly, Q793X and E808X also demonstrated 1.6 and 1.8 fold increase of surface receptor expression, whereas showed similar receptor internalization kinetics as WT ([Figure 2A--D](#F2){ref-type="fig"} and [supplementary Figure 3](#SD1){ref-type="supplementary-material"}). To further understand the oncogenic mechanisms of the distal cytoplasmic truncation mutations, we quantified the receptor degradation by immunoblot. Interestingly, we observed that distal truncation mutations had marked more protein retained than WT after CHX and G-CSF treatment ([Figure 2E--F](#F2){ref-type="fig"}), indicating a delayed spontaneous and ligand-induced receptor degradation despite intact internalization.

Increased higher molecular weight CSF3R bands were observed in CSF3R truncation mutations, which may be attributed to interrupted de-phosphorylation process {#S21}
------------------------------------------------------------------------------------------------------------------------------------------------------------

In addition to delayed kinetics of receptor internalization and/or degradation, we also observed altered CSF3R banding patterns in CSF3R truncation mutations both in HEK293T/17 and NIH3T3 cells ([Figure 3A--B](#F3){ref-type="fig"}). CSF3R WT showed a stronger lower molecular weight band at around 105 KD, and a weaker higher molecular weight band at around 115 KD with an average higher/lower molecular weight band ratio of 0.77. In contrast, F791X, Q793X, E808X and Q823X, but not E831X demonstrated a reversed banding pattern: a stronger higher molecular weight band and a weaker or similar lower molecular weight band ([Figure 3C](#F3){ref-type="fig"}). In addition, T618I demonstrated decreased higher molecular weight band and showed a low level of surface expression detected by FACS and fluorescence microscopy ([Figure 2A--B](#F2){ref-type="fig"} and [3D](#F3){ref-type="fig"}), suggesting that the higher molecular weight band is the major form of CSF3R that is expressed on the cell surface. To further characterize the two bands of CSF3R, we performed glycosylation studies which showed that the higher molecular weight band is both N- and O-glycosylated ([Figure 3E](#F3){ref-type="fig"}). Protein glycosylation can protect proteins from degradation. To test the stability of the two bands of CSF3R, we performed a time course CHX treatment. As shown in [Figure 3F](#F3){ref-type="fig"}, the higher molecular weight band of CSF3R WT and E808X was significantly more retained after CHX treatment compared to the lower molecular weight band, indicating that the higher molecular weight band is more stable in the context of spontaneous degradation.

Previous studies have shown that the residues N818--F836 (here we call it the de-phosphorylation domain) at CSF3R c-terminal is important for peroxiredoxin mediated CSF3R de-phosphorylation, which subsequently mediates the receptor degradation process.([@R17]) Hence, we tested whether a phosphatase inhibitor could protect CSF3R from degradation. As shown in [Figure 3G](#F3){ref-type="fig"}, retention of CSF3R expression, especially the higher molecular weight band, could be observed after vanadate treatment for 1h. Moreover, vanadate protected CHX mediated CSF3R degradation ([Figure 3G](#F3){ref-type="fig"}), indicating that the de-phosphorylation process contributes to the receptor expression level. This also explains why distal CSF3R truncation mutations, with deletion of only the de-phosphorylation domain, exhibited intact receptor internalization but delayed receptor degradation.

The higher molecular weight band is essential for the oncogenic potential of CSF3R truncation mutations {#S22}
-------------------------------------------------------------------------------------------------------

To further investigate the functional importance of the higher molecular weight band of CSF3R truncation mutations, we treated transformed cells with the glycosylation inhibitors. We observed that the glycosylation status of CSF3R was completely blocked by tunicamycin or BFA (at high concentration), indicated by the disappearance of CSF3R double bands and reduced surface CSF3R expression ([Figure 3H](#F3){ref-type="fig"} and [supplementary figure 4A](#SD1){ref-type="supplementary-material"}). Importantly, we observed a disruption of only the higher molecular weight band at lower concentration of BFA (100ng/ml), indicating that ER to Golgi transport plays an important role in the formation of this higher molecular weight band ([Figure 3H](#F3){ref-type="fig"}). In line with the reduced receptor levels, this low concentration of BFA also inhibited the proliferation of truncation mutation transformed cells, but had no effect on T618I transformed cells which demonstrated mostly the lower molecular weight band ([Figure 3I](#F3){ref-type="fig"}). This low concentration of BFA also had no impact on growth of pre-transformed Ba/F3 cells expressing CSF3R truncation mutations growing in media containing IL-3 ([Figure 3I](#F3){ref-type="fig"}). Accordingly, CSF3R truncation mutations demonstrated a lower IC50 for BFA compared to T618I and the respective untransformed cells ([Figure 3J](#F3){ref-type="fig"} and [supplementary figure 4B](#SD1){ref-type="supplementary-material"}). These results indicate that the overexpressed CSF3R higher molecular weight band is indispensable to the leukemogenic potential of CSF3R truncation mutations.

Intact STAT5 activation is important for the oncogenic potential of CSF3R cytoplasmic truncation mutations {#S23}
----------------------------------------------------------------------------------------------------------

Previous studies have shown that the cytoplasmic membrane proximal 55 amino acids are important for STAT5 activation and G-CSF induced cell proliferation, whereas the following additional 30 amino acids (also called mitogenic enhancing domain (MED)) are required for the maximal STAT5 activation and cell proliferation.([@R18]) Since the majority of CSF3R truncation mutations co-occur with CSF3R membrane proximal mutations, we therefore investigated whether non-transforming juxtamembrane region (amino acid positions 670--738) mutations could transform cells when combined with a T618I mutation. As shown in [Supplementary figure 5A](#SD1){ref-type="supplementary-material"}: T618I E700X, T618I T738X but not E700X and T618I L670X transformed Ba/F3 cells. To better characterize different compound mutations, we first checked their receptor expression and internalization profiles. L670X, E700X and V728X all demonstrated markedly increased receptor surface expression, altered CSF3R banding pattern and delayed internalization ([Supplementary figure 5B--C](#SD1){ref-type="supplementary-material"}). However, consistence with previous study, significantly reduced STAT3/5 activation was observed ([Supplementary figure 5D--E](#SD1){ref-type="supplementary-material"}). In agreement, decreased G-CSF responses at low concentration were observed ([Supplementary figure 5F--G](#SD1){ref-type="supplementary-material"}). These data indicate that, intact STAT5 activation is essential for the oncogenic potential of the truncation mutations alone; and the constitutive dimerization of T618I could compensate for decreased STAT5 activation in the context of E700X but not the absence of STAT5 activation of L670X. Furthermore, T618I with early or distal truncation mutation compound mutations demonstrated enhanced oncogenic potential ([@R15]), which may be attributed to delayed receptor degradation ([Supplementary figure 5H](#SD1){ref-type="supplementary-material"}).

Identification of oncogenic CSF3R cytoplasmic missense mutations {#S24}
----------------------------------------------------------------

We next determined the oncogenic potential of CSF3R cytoplasmic missense mutations ([Table 1](#T1){ref-type="table"}, [Supplementary table 2](#SD1){ref-type="supplementary-material"}, and [Supplementary figure 6A](#SD1){ref-type="supplementary-material"}). None of these tested mutations (Q754A, R769H, L777F, T781I and S795R) seen in patients transformed Ba/F3 cells ([Figure 4A](#F4){ref-type="fig"}) or demonstrated altered receptor expression or internalization pattern ([Supplementary figure 6B--D](#SD1){ref-type="supplementary-material"}). Consistent with previous studies, substitution of L776/777 and S772, which are important for receptor internalization demonstrated delayed receptor internalization, sustained STAT5 activation and transformative potential ([Figure 4A--B](#F4){ref-type="fig"} and [Supplementary figure 6C--D](#SD1){ref-type="supplementary-material"}). Interestingly, K704A, but not K705A transformed Ba/F3 cells and induced sustained STAT5 activation ([Figure 4A--B](#F4){ref-type="fig"}). In agreement, compared to WT, decreased receptor ubiquitination and delayed receptor degradation were observed in K704A, but not K705A in CSF3R and ubiquitin co-IP assay ([Figure 4C--D](#F4){ref-type="fig"}), indicating that K704 plays a role in CSF3R ubiquitination and degradation.

Hypothesis and Validation {#S25}
-------------------------

Based on the above observations, we hypothesized that CSF3R cytoplasmic truncation mutations disrupting receptor trafficking but preserving STAT5 activation are transforming ([Figure 5A](#F5){ref-type="fig"}). Briefly, truncation mutations between T738 and Q823 are all leukemogenic and demonstrate reversed molecular weight banding patterns, whereas among missense mutations only L776/777A, S772A, and ubiquitination associated lysine mutations are leukemogenic. To validate this theory, we further generated N818X, L816A and Q823H mutations. As expected, N818X demonstrated reversed banding pattern and transformed Ba/F3 cells. L816A and Q823H showed similar banding pattern as CSF3R WT and did not transform Ba/F3 cells ([Figure 5B](#F5){ref-type="fig"} and [Supplementary figure 7](#SD1){ref-type="supplementary-material"}). Notably, consistent with previous studies, transformed cells demonstrated sensitivity to ruxolitinib ([@R13]), but not an AKT inhibitor ([Figure 5C](#F5){ref-type="fig"}).

Discussion {#S26}
==========

In the current study, we aim to understand the full spectrum of CSF3R cytoplasmic mutations in term of mutation disease distribution, oncogenic potential and the pathogenic mechanisms. Consistent with previous studies, we identified CSF3R cytoplasmic domain mutations in CNL/aCML/MPN-U and to a lesser extent in AML patients, but not in other hematological malignances. We further determined the driver mutation potential of these mutations by Ba/F3 transforming assays, G-CSF response assay, BM CFU assay and STAT5 activation assay. Moreover, we characterized the pathogenic mechanisms of those leukemogenic mutations.

We showed for the first time that CSF3R distal cytoplasmic truncation mutations (Q793--Q823) also harbour oncogenic potential which is associated with decreased receptor degradation, probably due to the disruption of the de-phosphorylation motif. Moreover, we identified another potential ubiquitination associated lysine residue K704, substitution of which reduced receptor ubiquitination and transformed Ba/F3 cells. With these data, together with previous studies, we summarize that CSF3R cytoplasmic mutations perturbing protein trafficking (internalization, degradation and ubiquitination), namely truncation mutations between T738 and Q823, and missense mutations including L776/777A, S772A, K655A, K785A and K704A are oncogenic. These data highlight the oncogenic role of defective receptor trafficking, which has been well recognized for other cytokine/growth factor receptors (e.g. EGFR)([@R19]). Furthermore, this information will be helpful in predicting whether novel CSF3R cytoplasmic mutations observed in patients are potential drivers.

In addition, we further demonstrated that sustained STAT5 activation is the common altered downstream signaling pathway of oncogenic cytoplasmic mutations and sufficient STAT5 activation (box1-2 and MED for truncation mutations alone, box1-2 for compound mutations) is imperative for the oncogenic potential. Notably, all oncogenic cytoplasmic mutations showed sensitivity to ruxolitinib. These data will help define treatment strategies.

In addition, phenotypically, we observed that all oncogenic CSF3R truncation mutations demonstrate increased higher/lower molecular band ratios.. Our previous study showed that constitutively activated CSF3R membrane proximal and transmembrane mutations demonstrated decreased O-glycosylation.([@R15]) At first glance, these two conclusions seem contradictory with one another; however, the pathogenic mechanisms of these two group mutations are different. Membrane proximal and transmembrane mutations transform cells in a ligand independent manner,([@R20]) whereas truncation mutations are ligand dependent ([Figure 1](#F1){ref-type="fig"}). The reduced higher molecular weight band of CSF3R in membrane proximal and transmembrane domain mutations suggests that the oncogenic capacity of these mutations does not rely on the higher molecular weight band and also may not rely on receptor surface expression. Similar phenomena were observed for other constitutively activated receptor mutations such as FLT3 ITD/D835Y and KIT V569G/D816V.([@R21],[@R22]) In contrast, CSF3R truncation mutations demonstrate increased higher/lower molecular weight band ratios. The increased higher molecular weight band may contribute to the decreased signalling termination phenotype seen in CSF3R truncation mutations, however still in a G-CSF dependent way, since no ligand independent signal activation is observed. Vanadate was shown previously to extend STAT5 activation. Interestingly, in the current study, we demonstrated that vanadate protected the higher molecular weight band from degradation, indicating a correlation of the higher molecular weight band with STAT5 activation.

In summary, increases of the higher molecular weight band of CSF3R and preservation of STAT5 activation capacity are important for the transforming potential of CSF3R truncation mutations. Our study provides comprehensive understanding of the connection between CSF3R structural domain, receptor expression pattern, receptor trafficking, signaling activation and biological function (G-CSF response and transforming potential). This information may provide insights to understanding oncogenic mechanisms contributing to mutations in other growth factor receptors. For clinical applications, the JAK inhibitor ruxolitinib was shown in case reports to be effective against CSF3R T618I and a clinical trial is undergoing to evaluate ruxolitinib in a larger cohort of CNL/aCML/MPN-U patients. Similar trials would be useful for AML patients with CSF3R mutations. Given the poor prognosis of CSF3R active mutations seen in CNL patient, the information from our study may eventually benefit patients with CSF3R oncogenic truncation mutations.
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![Truncating CSF3R at Q793--Q823 demonstrates leukemogenic potential\
(A) Representative transforming assay of Ba/F3 cells expressing CSF3R variants. T618I cells were used as a positive control. (B) Representative images of CFU assay demonstrate increased colony numbers in CSF3R truncation mutations in presence of 0.5ng/ml G-CSF as compared to CSF3R WT. (C) Representative histograms showing (upper panel) no ligand independent signaling activation in unstimulated and (lower panel) sustained pSTAT5/pJAK2 and reduced pSTAT3/SOCS3 activation of CSF3R truncation mutations when stimulated with G-CSF. Images shown are representative images of at least three independent experiments.](nihms867395f1){#F1}

![CSF3R truncation mutations between Q793 and Q823 interrupt receptor degradation\
(A) Representative immunoblots show CSF3R expression in (left panel) HEK293T/17 and (right panel) NIH3T3 cells. (B) CSF3R truncation mutations were transduced into Ba/F3 cells and cell surface expression of CSF3R was determined by FACS. Graph shows fold changes of CSF3R/GFP mean fluorescence intensity (MFI) ratio normalized to CSF3R WT. Graph depicts percentages of CSF3R internalization after (C) 6h CHX treatment normalized to DMSO control or (D) 60min G-CSF treatment normalized to no stimulation control. Representative immunoblot images of CSF3R expression in transduced HEK293T/17 cells treated with (E) 100mg/ml CHX for 6h or (F) 10ng/ml G-CSF for 60min. Data shown are mean ± SEM of biological replicates from at least 3 independent experiments. Images shown are representative of least three independent experiments. Statistical significance was assessed using a two tailed Student's t-test: \* p\<.05; \*\* p\<.01.](nihms867395f2){#F2}

![CSF3R truncation mutations demonstrate increased higher molecular weight band which is N and O-glycosylated\
Representative immunoblot images demonstrate CSF3R expression in (A) HEK293T/17 and (B) NIH3T3 cells. (C) Graph depicts CSF3R higher to lower molecular weight band ratios (mean ± SEM) shown in the immunoblot. (D) Detection of surface CSF3R expression in HEK293T/17 cells expressing CSF3R WT (upper panel), however showing a significantly low level in cells expressing CSF3R T618I construct (lower panel) at 63× magnification. Red represents CSF3R expression. (E) Representative immunoblot images of CSF3R WT and E808X expression before or after treatment to remove O-glycosylation or N-glycosylation. (F) Representative immunoblot images showing CSF3R expression in HEK293T/17 cells transient transfected with WT or E808X after a time course CHX treatment. (G) HEK293T/17 cells were transient transfected with CSF3R WT. Left panel: representative immunoblot image showing CSF3R expression in presence or absence of vanadate (1mM) for 1h. Right panel: immunoblot image showing CSF3R expression of transfected cells treated with CHX in presence or absence of vanadate (1mM) for 2 or 3h. For vanadate treated conditions, cells were pre-treated with vanadate for 1h before CHX treatment. **The higher molecular weight bands of CSF3R truncation mutations are essential for the oncogenic potential.** (H) Representative CSF3R expression of CSF3R WT and E808X transduced NIH3T3 cells before or after treatment with BFA for 48h. (I) Graph depicts CPD efluor 670 MFI ratios of transduced Ba/F3 cells expressing CSF3R variants grown with or without 100ng/ml BFA. (J) Transduced Ba/F3 cells were treated with a gradient concentration of BFA for 72h and the cell viabilities were determined as described in materials and methods. Graph depicts mean IC-50 of BFA. Images shown are representative of at least three independent experiments. Data shown are mean ± SEM of biological replicates of at least 3 independent experiments. Statistical significance was assessed using a two tailed Student's t-test: \* p\<.05; \*\* p\<.01: \*\*\* p\<.001.](nihms867395f3){#F3}

![CSF3R missense mutations seen in AML patients do not demonstrate leukemogenic potential; K704A is leukemogenic\
(A) Representative transforming assays of Ba/F3 cells expressing CSF3R missense mutations (left) seen in patients or (right) at potential functional residues. (B) Transduced Ba/F3 cells were serum starved for 90min and stimulated with 10ng/ml G-CSF for 90min. Graph depicts pSTAT5 and pSTAT3 MFI ratio of GFP+ transduced cells/GFP- non-transduced cells determined by phosphoflow. (C) Representative co-IP image demonstrates reduced ubiquitin binding in K704A cells. Table (lower panel) shows three replicates of K704A ubiquitin/CSF3R ratios normalized to CSF3R WT determined by integrated density quantification. K705A was used as a negative control. (D) Representative immunoblot images showing CSF3R expression in (left panel) HEK293T/17 and (right panel) NIH3T3 cells transient transfected with WT or K704A after a time course CHX treatment. Data and images shown are representative of three or more independent experiments. Statistical significance was assessed using a two tailed Student's t-test: \* p\<.05.](nihms867395f4){#F4}

![Schematic illustration of the position and functional consequences of CSF3R truncation mutations and hypothesis validation\
(A) Briefly, truncation mutations at amino acid positions 658--685 which abrogate STAT5 activation do not transform BaF3 cells and do not respond to G-CSF, even when combined with T618I mutation. Truncation mutations at 700--738 do not transform Ba/F3 cells alone however transform Ba/F3 when combined with T618I and are hyposensitive to G-CSF due to the disruption of the MED. Truncation mutations at 738--792 and 793--823 transform Ba/F3 and induce G-CSF hypersensitivity and sustained STAT5 activation due to the interruption of the internalization and the de-phosphorylation domain respectively. (B) Representative IL-3 withdrawal assay showing leukemogenic potential of CSF3R N818X, but not L816A or Q823H. (C) Graph depicts mean ± SEM of cell viabilities of Ba/F3 cells expressing CSF3R variants after various doses of ruxolitinib treatment for 72h determined by MTS assay normalized to non-drug treatment controls.](nihms867395f5){#F5}

###### 

Summary of CSF3R cytoplasmic mutations in hematologic malignances

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Disease group                  Specimen                                   ID                                      subgroup     Cytoplasmic mutation   Membrane proximal mutation               Truncation/missense mutation                                                                                        
  ------------------------------ ------------------------------------------ --------------------------------------- ------------ ---------------------- ---------------------------------------- ---------------------------------------------------------------------- -------------------------------------------- --------------
  CNL/aCML/CMML/MPN-U (16/212)   1                                          08-00423                                CNL          S783fs                 40%                                      T615A\                                                                 12%\                                         Same allele\
                                                                                                                                                                                                 T640N                                                                  31%                                          NA

                                                                                                                                                                                                                                                                                                                     

  2                              09-00497                                   aCML[\^](#TFN2){ref-type="table-fn"}    S783fs       9%                     T615A                                    7%                                                                     NA                                           

                                                                                                                                                                                                                                                                                                                     

  3                              10-00694                                   CNL                                     D771fs       NA                     T618I                                    40.4%                                                                  Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  4                              12-00121                                   CMML                                    W791X        12%                    T618I                                    0.41                                                                   NA                                           

                                                                                                                                                                                                                                                                                                                     

  5                              13-00068                                   CMML                                    Q749X        24%                    ND                                       ND                                                                     ND                                           

                                                                                                                                                                                                                                                                                                                     

  6                              13-00369                                   aCML[\^](#TFN2){ref-type="table-fn"}    S783fs       13%                    ND                                       ND                                                                     ND                                           

                                                                                                                                                                                                                                                                                                                     

  7                              13-00437                                   aCML                                    Y752X        35%                    T615A                                    0.45                                                                   NA                                           

                                                                                                                                                                                                                                                                                                                     

  8                              13-00440                                   aCML[\^](#TFN2){ref-type="table-fn"}    W791X        57%                    T618I                                    0.87                                                                   NA                                           

                                                                                                                                                                                                                                                                                                                     

  9                              13-00502                                   CMML                                    Q754X        52%                    T618I                                    53%                                                                    NA                                           

                                                                                                                                                                                                                                                                                                                     

  10                             14-00201                                   MPN-U[\^](#TFN2){ref-type="table-fn"}   S783fs       37%                    T618I                                    37%                                                                    Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  11                             13-00649[\*](#TFN1){ref-type="table-fn"}   CNL[\^](#TFN2){ref-type="table-fn"}     Q754X        NA                     T618I                                    NA                                                                     Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  12                             15-00430[\*](#TFN1){ref-type="table-fn"}   aCML[\^](#TFN2){ref-type="table-fn"}    L780fs       38%                    T618I                                    18%                                                                    Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  13                             15-00467[\*](#TFN1){ref-type="table-fn"}   CNL[\^](#TFN2){ref-type="table-fn"}     W791X        56%                    T618I                                    42%                                                                    Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  14                             13-00472[\*](#TFN1){ref-type="table-fn"}   MPN-U[\^](#TFN2){ref-type="table-fn"}   YE787-788X   27%                    T618I                                    53%                                                                    NA                                           

                                                                                                                                                                                                                                                                                                                     

  15                             15-00257[\*](#TFN1){ref-type="table-fn"}   CNL[\^](#TFN2){ref-type="table-fn"}     W791X        54%                    T618I                                    52%                                                                    Same allele                                  

                                                                                                                                                                                                                                                                                                                     

  16                             16-00105                                   CNL[\^](#TFN2){ref-type="table-fn"}     Q774X        12%                    T618I                                    47%                                                                    NA                                           

                                                                                                                                                                                                                                                                                                                     

                                                                                                                    FAB group                                                                    Other potential pathogenic mutations[\~](#TFN3){ref-type="table-fn"}   Karyotype                                    

                                                                                                                                                                                                                                                                                                                     

  AML (5/378)                    17                                         13-00625                                M1           Q749X                  28%                                      BCORL1, CTCF, EZH2, NRAS                                               45,XY,-7\[6\]; 47,XY,+13\[5\]; 46,XY\[12\]   

                                                                                                                                                                                                                                                                                                                     

  18                             14-00608                                   M2                                      W791X        55%                    BCOR, CSF3R                              46,XX                                                                                                               

                                                                                                                                                                                                                                                                                                                     

  19                             14-00643                                   M2                                      Q823H        6%                     EZH2, KIT                                45,X,-Y, t(8;21)(q22;q22)\[20\]                                                                                     

                                                                                                                                                                                                                                                                                                                     

  20                             15-00572                                   M2                                      Q752X        16%                    ASXL1, IDH2, PHF6, RUNX1, SMC1A, U2AF1   46,XY\[20\]                                                                                                         

                                                                                                                                                                                                                                                                                                                     

  21                             07-00008                                   NA                                      Q741X        NA                     NA                                       NA                                                                                                                  
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

represent that CSF3R mutations were also identified in RNA-seq analysis.

represent unverified diagnosis due to the challenge of distinguishing CNL, aCML, and MPN-U.

represent that detailed mutation information is provided in [supplementary table 1](#SD1){ref-type="supplementary-material"}.

NA: not available. NT: not detected. \[n\] represent observed total cell number.
